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Reverse transcriptase template jump
Chimeric elements
RNA recombinationThe 28S rRNA genes of several metazoans are interrupted by site-speciﬁc targeting non-LTR retrotranspo-
sons, such as R2. R2 elements have been deeply analyzed but aspects of their retrotransposition mechanism
and the origin of the wide diversity observed are still debated. We characterized six new R2 lineages in four
tadpole shrimp species (Notostraca), samples deriving from a parthenogenetic population of Triops cancrifor-
mis (R2Tc_it) and from bisexual Lepidurus populations of L. lubbocki (R2Ll), L. couesii (R2LcA, R2LcB, R2LcC)
and L. arcticus (R2La). All elements ﬁt the canonical R2 structure but R2Ll which turned out to be a chimera
with an additional ORF originating from another R2. Consistently with data on LINEs, R2Ll could be the result
of recombination due to reverse transcriptase template jump. The analysis of 28S/R2 5′ end junctions further
suggests aberrant homologous recombination, as observed in RNA viruses.
© 2012 Elsevier Inc. All rights reserved.1. Introduction
Transposable elements (TE) constitute a large amount of eukary-
otic genomes: in some mammals and plants their percentage can
reach 50% or more. They are usually distinguished into two main clas-
ses: class I and class II elements, moving via RNA or DNA intermedi-
ates, respectively [1].
TEs are known to insert either randomly or into speciﬁc target
sites within the host genome; the ribosomal DNA locus (rDNA) is
one of the most exploited genomic niches for site-speciﬁc inserting
elements, being the target of the class I non-LTR (R1-9, RT) and
class II Pokey elements [2,3].
Among the R elements, R2 inserts into the speciﬁc sequence 5′-
TTAAGG↓TAGCCA-3′ of the 28S rRNA gene. It is an ancient resident
of metazoan genomes, its origin dating back to the split between
Radiata and Bilateria [4]. The R2 retrotransposition mechanism,
termed “target primed reverse transcription” (TPRT), has been exten-
sively analyzed: the protein produced by the single R2 open reading
frame (ORF) is able to cleave the DNA bottom strand and use it as a
primer to start the reverse transcription; then, once the template
end is reached, the target sequence top strand is cleaved and the
DNA synthesis, using the cDNA as a template, begins [5]. The topwith the DDBJ/EMBL/GenBank
21 (R2 elements); JN937592-
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rights reserved.strand cleavage and the priming of the second strand synthesis are,
however, still a matter of debate, as no common mechanism can be
observed among different elements. First of all, owing either to the
premature stop of cDNA synthesis or to degraded RNA templates,
the 5′ end is often deleted: these length variations at the R2 5′ end
can be used to track element activity [6]. Moreover, whether the 5′
end is complete or not, the joining between 28S and R2 is not precise
in most instances: experimental evidences show that the two Gs be-
fore the insertion site can be deleted [7], and that additional nucleo-
tides (either non-templated or 28S duplications) are often added at
the end of the cDNA synthesis [7,8]. Polymorphism at the second
strand cleavage has been attributed to differences evolved during
the divergence of R2 lineages. For the origin of the second strand syn-
thesis, two models have been proposed based on the observed 28S/R2
junctions: i) R2 polymerase jump from the template transcript to the
upstream 28S [7], and ii) microhomologies between the R2 5′ end and
the upstream 28S allowing the annealing of cDNA on the top DNA
strand [8].
R2 phylogeny has been highly debated and, although several
points have been clariﬁed, some basic evolutionary patterns are still
unknown. Even if a signiﬁcant local pattern of vertical inheritance
has been evidenced, the deepest nodes of the element phylogeny do
not overlap those of their hosts [9–11]. On the other hand, R2 phylog-
eny is consistent with the structure of the encoded protein: three
main clades cluster proteins with three, two and one zinc-ﬁnger
motif(s) at the N-terminal end (clades A, C, and D, respectively).
One clade (B) includes proteins with still undetermined structure.
On the whole, evolution through rapid turnover and high diversiﬁca-
tion, as well as lineage extinctions, have been invoked to explain R2
phylogeny [11,12].
Fig. 1. Schematic drawing of genomic location and sequence structure of isolated R2 el-
ements. Acronyms as in Table 1. Parallel, vertical lines indicate truncated sequences.
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two cosmopolitan genera, Triops and Lepidurus, usually considered
as living fossils for their remarkable morphological stasis. The Euro-
pean Triops cancriformis (Bosc, 1801), for example, is almost indistin-
guishable from the Triassic fossil forms (~200 Myr ago; [13,14]). The
entire life-cycle of these tadpole shrimps is linked to highly unstable
habitats, such as temporary ponds, only Lepidurus arcticus Pallas,
1793 inhabiting lentic waters. Notostracans also show an extensive
variation of reproductive sexual strategies: these range from
gonochorism to hermaphroditism or asexuality (i.e. unisexuality or
parthenogenetic reproduction), even within the same taxon, as in T.
cancriformis [15]. On the other hand, the circum-Mediterranean Lepi-
durus lubbocki Brauer, 1873 (sensu [16]), the North American and
Asian taxon Lepidurus couesii Packard, 1875 (also recently discovered
in Southern Italy) and the circumpolar arctic species L. arcticus are all
reported as bisexual (either gonochoric or hermaphroditic) in the lit-
erature. It is to be noted, though, that ultrastructural analyses of L.
lubbockimale gonads from Italian populations showed a degenerative
gametogenesis and turned out to be sterile ([16] and references
therein).
In a previous study, the R2 element isolated from strictly gonocho-
ric Spanish populations of T. cancriformis was characterized: the full
length element is 3583 bp with an ORF of 3093 bp and a single zinc
ﬁnger motif. From population analyses, the element showed a very
high transposition rate, possibly linked to a fast 28S rDNA turnover
[12]. This dynamic has been suggested as the main factor determining
the high divergence of this element with the R2 lineage isolated in the
congeneric American species Triops longicaudatus, according to the
hypothesis that high turnover and diversiﬁcation of R2 lineages may
obscure the phylogenetic pattern [11].2. Results
2.1. R2 sequence analysis
One R2 element was identiﬁed in T. cancriformis (R2Tc_it), L. lub-
bocki (R2Ll) and L. arcticus (R2La), while three elements were isolated
from the L. couesii genome (R2LcA, R2LcB, R2LcC). The 3′ ends belong-
ing to the six R2 elements were successfully isolated in the four taxa,
but the complete sequence was obtained only for R2Ll, R2La, R2LcA,
and R2LcB. In fact, despite several attempts and different methods
used (not shown), it was not possible to amplify the 5′ end of
R2Tc_it and R2LcC.
Complete elements range in length from 3549 bp (L. arcticus) to
4504 bp (L. lubbocki). All R2s have the ORF coding for the reverse
transcriptase/endonuclease domains, with a single zinc-ﬁnger motif
(CCHH type) at the N-terminal end (Table 1). It is to be noted that
the ORF portion of incomplete R2Tc_it and R2LcC elements is intact,
suggesting that these R2s are not degenerated.
A single ORF was found in all elements except R2Ll which con-
tains an additional ORF, 627 bp long, at the 5′ end of the sequenceTable 1
Sequence features of isolated R2s.
Species Acronyms R2 length (bp) ORF length (bp)
T. cancriformis R2Tc_itb 1821b 1560
L. lubbocki R2Ll 4504 627+2871c
L. arcticus R2La 3549 3042
L. couesii R2LcA 3828 3051
R2LcB 3668 3063
R2LcCb 1906b 1581
a Protein length excluding the stop codon.
b Incomplete R2 elements.
c R2Ll shows two ORFs.(Fig. 1). BLAST analysis of the predicted protein of the additional
ORF indicates signiﬁcant similarity with the C-terminal end of the
R2LcC amino acidic sequence (identity=73%; e-value=1e−89).
However, when comparing nucleotide sequences the high signiﬁ-
cant similarity is against R2LcB (identity=87%; e-value=3e−28).
Sequence comparisons with the other notostracan R2s allowed us
to demonstrate that R2Ll is, indeed, a chimera of a canonical R2
3630 bp long (henceforth indicated as ψR2Ll) with the terminal
end (860 bp) of another R2 element comprising the 3′ end of the
ORF and the complete 3′ UTR (Fig 2A). The two R2 termini are
spaced by the duplication of a short internal ψR2Ll sequence
(Fig. 2A, arrows).
To check whether the chimeric R2 is a functional element or not, a
5′ end length variation analysis was performed by PCR ampliﬁcation,
using a primer anchored on the 28S, upstream of the insertion site,
and another primer annealing within ψR2Ll (Suppl. Table S1). The re-
sult shows ﬁve bands (A–E; Fig. 2B): band A (2093 bp) corresponds to
the expected size of the full length R2Ll. Band B is due to an amplicon
fragment carrying the deletion of the ﬁrst 378 bp, therefore within
the additional ORF, while band C represents the ψR2Ll canonical 5′
end. The other shorter PCR products (D, E) are further truncations
of either the ψR2Ll or the R2Ll sequence.
Based on the assumption that 5′ end deletions are produced by R2
retrotransposition [17], R2Ll appears to be able to retrotranspose; on
the other hand, it is not possible to exclude that also ψR2Ll is active.
Therefore, for the purpose of 5′ end junction analysis, both R2Ll and
ψR2Ll ends were considered.
According to the presence of a single zinc-ﬁnger domain, the phy-
logenetic analysis places the newly sequenced R2 elements in the “D
clade”, constituting a well supported monophyletic Notostracan clus-
ter. The exception to this cluster is given by the T. longicaudatus ele-
ment (Fig. 3) falling in the “A clade”, the group including R2
elements with three zinc-ﬁnger domains [11,12]. In the Notostracan







Fig. 2. Detailed structure of R2Ll. a) Junction between additional 3′ end and canonical R2 sequence (ψR2Ll, see Results Section 2.1) compared to 5′ and 3′ ends of other Lepidurus R2
elements. b) Southern blot of the PCR assay for the analysis of 5′ end truncated copies with the corresponding sequence structures on the right. The arrow indicates the position of
R2-internal primer; the white box marked with “p” indicates the probe position; parallel, vertical lines indicate truncated sequences; the “ψ” marks the canonical R2 sequence, in-
dicated as ψR2Ll.
Fig. 3. Minimum Evolution phylogenetic analysis of R2 elements; bootstrap values are
reported at nodes. Clades are labeled based on structural properties of the R2 protein
(i.e. number of zinc-ﬁnger domains [11]). Triangles mark elements isolated from noto-
tracan taxa.
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three R2s from L. couesii appear scattered: R2LcA groups with R2Ll
from L. lubbocki, the R2LcB element is highly close to that of L. arcticus,
and R2LcC is basal to the R2LcB-R2La cluster, all nodes having strong
statistical support (Fig. 3).
2.2. 28S/R2 junction analysis
R2 3′ end junctions do not show any variability, their location pre-
cisely corresponding to the bottom strand cleavage site (Suppl. Fig.
S1). On the other hand, the 28S/5′end junctions are polymorphic
both within and between analyzed genomes. The 28S/5′end junctions
here characterized (R2Ll, ψR2Ll, R2La, R2lcA and R2LcB) are reported
in Fig. 4 together with those of the R2 element from Spanish bisexual
T. cancriformis (R2Tc, available from the authors; [12]). On the basis of
28S and R2 deletions/duplications, and of the presence of additional
nucleotides, samples are either monomorphic (R2Ll, R2La and
R2LcB) or highly variable (ψR2Ll, R2lcA and R2Tc). Interestingly,
R2La and R2LcB 5′ end junctions share the same 28S duplication; in
the former case, a 28S portion is duplicated twice (Fig. 4b). This anal-
ysis also suggests that the R2 elements are not subject to deletions,
except in three instances: R2LcA (1 clone) and R2Tc (2 clones). In
all cases, the last two base pairs upstream of the insertion site are de-
leted. The extent of 28S rDNA deletions can vary, with a higher dele-
tion frequency of nucleotides close to the insertion site (Fig. 5).
As in other arthropods, the presence of additional nucleotides be-
tween the 28S and R2 seems to be a common feature also of notostra-
can elements; in most cases, these are duplications of the 28S rDNA
end (Fig. 4b). According to the 28S nucleotide deletion frequencies,
the last four nucleotides of the ribosomal gene upstream of the inser-
tion site are rarely, or not at all, included in duplications (Fig. 5).
Fig. 4. Analysis of the 28S rDNA/R2 5′ end junctions. a) Portion of notostracan 28S rRNA gene consensus sequence, with cleaved target site (1: ﬁrst cleavage; 2: second cleavage;
following [5]). Both strands are depicted. b) 28S/R2 junctions: upstream 28S sequence, R2 5' end and additional nucleotides found in between are given. Duplications of 28S rDNA or
of R2 sequence are underlined; in R2La, the 28S duplicated twice is double underlined. The imperfect tandem repeat at the junction of R2Tc is boxed. The frequency of each junction
within the analyzed sample (n) is also reported.
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mology with a short sequence internal to the R2 element itself; in
one instance it appears that this short duplication gave rise to an im-
perfect tandem repeats, possibly through successive slippage duplica-
tions (Fig. 4b; boxed sequence).
On the whole, microhomologies between 28S upstream sequence
and R2 5′ end (i.e. nucleotides that can be assigned to either 28S or R2
ends, as described in Stage and Eickbush [8]) cannot be found.
3. Discussion
Six new R2 elements were successfully identiﬁed in four notostra-
can genomes. R2Tc_it and R2LcC, isolated from a North-Italian asexu-
al population of T. cancriformis and from Italian L. couesii, were
incomplete, as it was not possible to PCR amplify their 5′ end. This
can be explained, in general terms, considering the copy number of
the full length elements: 5′ ends are usually underrepresented
owing to frequent deletions during the R2 re-integration. Conse-
quently, 3′ ends are easier to PCR amplify than 5′ ends. The low rep-
resentativeness of full length R2Tc_it and R2LcC could be supported
by different biological features of pertaining genomes. North-Italian
T. cancriformis populations reproduce by parthenogenesis, thus it isFig. 5. Frequencies of 28S nucleotide deletions/duplications scored immediately up-
stream the R2 insertion site.possible that their rDNA cannot bear a high load of active R2 ele-
ments, as it has been observed for other asexual genomes unable to
afford high retrotransposon loads [18]. For L. couesii, on the other
hand, it should be taken into account that coexisting R2 lineages
may have differential ﬁtness (ability to retrotranspose, increasing
the number of their copies) due to insertion site availability competi-
tion [19]: the L. couesii R2LcC element may have lost the arms race
with R2LcA and B, thus becoming reduced to a very low copy number
or being on the way of extinction. Speciﬁc analyses should be carried
out, however, in order to verify these hypotheses.
The structure of the majority of presently analyzed R2s is in line
with the one observed for canonical sequences: a single ORF, encod-
ing a protein with a single N-terminal zinc ﬁnger motif, a reverse
transcriptase and an endonuclease domains, bracketed by 5′ and 3′
UTRs. The length of complete elements ranges from approximately
3.5 kbp to 4.5 kbp, with ORF extension very similar to each other.
Elements phylogeny features two main aspects: i) the T. longicau-
datus element is highly divergent from the other notostracan R2s and
falls within the “three-zinc-ﬁnger” A clade, while the other ones lie
within the “one-zinc-ﬁnger” D clade, accordingly with the protein
structural analysis, and ii) their phylogeny roughly overlaps that of
the host species [16,20,21]. The antiquity of R2 and the high retro-
transposition rate observed in T. cancriformis suggest that the diversi-
ﬁcation between this species and T. longicaudatus elements may be
due to the particular evolutionary dynamics of R2 [12]. On the other
hand, this contrasts with the presently observed close relationship
between T. cancriformis (R2Tc and R2Tc_it) and Lepidurus elements.
While taking into account the possibility that different R2 lineages
may evolve at different rates, the presence of paralogous lineages
could underlie such diversiﬁcation [11]. L. couesii embodies three R2
lineages, one of which (R2LcA) does not follow the host phyletic rela-
tionships. Indeed, instead of being more similar to the L. arcticus ele-
ment (as the host actually is; [16]), R2LcA is strictly related to the R2Ll
of L. lubbocki. This may indicate the existence of an ancient Lepidurus
R2 lineage which survived in the L. couesii and in the L. lubbocki
genomes.
The R2 element isolated in the latter species is further peculiar in
showing two ORFs. The canonical RT-containing ORF is slightly
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ORF, located at the 5′ end, derived from a 3′ end fragment of another
R2 element linked head-to-tail to a canonical R2 sequence. Interest-
ingly, the additional 3′ fragment does not seem to be derived from
the tail of the same element, but it appears to be originated from an
element similar to R2LcB and C of L. couesii, which could have coex-
isted with ψR2Ll in the L. lubbocki genome. The only other known in-
stance of a chimeric R2 structure has been found in the R2NvA
element from Nasonia vitripennis, also showing two ORFs: the ﬁrst
one derived from a R1 element and the second one being the canon-
ical ORF [7]. The formation of such chimeric structures could be
explained as the outcome of recombination between misaligned
rDNA loci that involved two 28S rRNA genes inserted by different
non-LTR elements. On the other hand, chimeras can also be formed
during the process of reverse transcription: in the human genome,
chimeric RNAs involving the non-LTR element L1 have been proposed
to be originated by RNA template jump, similarly to the mechanism of
genomic recombination observed in retroviruses [22,23]. Moreover,
R2-encoded reverse transcriptase has been demonstrated to jump
from the 5′ end of a RNA template to the 3′ end of another RNA tem-
plate [24,25]. Therefore, R2 chimeric sequences found in N. vitripennis
and L. lubbocki may have arisen following the process of template
jump-mediated recombination.
One interesting point is whether these chimeric elements are ac-
tive or not, that is if they are able to use the R2 retrotransposition ma-
chinery. Based on the features of the 28S/5′ end junction (precise
insertion site localization and element 5′ end variation comparable
to that of other active elements), R2NvA has been judged able to
move [7]. PCR assay showed the presence of 5′ end truncations within
the additional ORF of R2Ll: this suggests that its reverse transcriptase
could be able to pass over the 5′ end of the canonical sequence ψR2Ll
and reintegrate the chimeric element into the 28S target site.
On the other hand, mobilization of chimeric R2Ll and R2NvA con-
trasts with the functional role suggested for the R2 5′ end. First, the
canonical 5′ end of the Bombyx mori R2 ORF is able to bind a R2 pro-
tein subunit, regulating its role during the reverse transcription [5].
Second, the R2 5′ UTR folds in a HDV-like ribozyme that is able to pro-
cess R2 RNAs from the 28S/R2 co-transcripts [26,27]: the kinetics of
self-cleavage is strongly inﬂuenced by the sequence immediately up-
stream the insertion site, modulating the possibility and the extent of
self-scission [27]. In the case of R2NvA and R2Ll it is clear that
ribozyme-encoding sequence domains are located well downstream
of the 5′ end, thus potentially excluding, or limiting, the possibility
of processing 28S/R2 co-transcript; moreover the possibility that
HDV-like ribozyme would cut off the additional sequence from the
canonical R2 sequence can be rejected based on features suggesting
mobilization of chimeric N. vitripennis and L. lubbocki elements.
While it is not possible to completely rule out that similar functions
can be supplied by their new 5′ ends, it is unlikely that these analo-
gies arose independently twice in two different R2 lineages with so
different 5′ end sequences.
Notostracan 28S/5′ R2 junctions exhibit 28S deletions and/or du-
plications, as well as additional non-templated nucleotides. More-
over, in L. couesii and Spanish T. cancriformis, R2 5′ deletions can be
observed, in line with data on other arthropod R2s [7,8,17]. Such
junction variability has been attributed to a variety of processes dur-
ing reverse transcription including i) non-exact top strand cleavage
before the second strand synthesis resulting in 28S deletions, ii) 28S
and/or R2 deletions due to non-homologous recombination comple-
menting the 5′ integration, iii) random addition of non-templated nu-
cleotides, as a property of R2 protein, and iv) the duplication of short
28S stretches included in the R2 side in the processed co-transcripts
[7,25,26,28]. Much of the variability among R2 junctions across differ-
ent species relies on the deletion of the two Gs immediately upstream
of the insertion site. In the ﬁrst analyzed organism, the silkmoth B.
mori, these nucleotides were always deleted, while in the jewelwasp, in the fruit ﬂy and in the earwig Forﬁcula auricularia the major-
ity of clones show no deletions [7,8,19,29]. In notostracan genomes
the two Gs are always deleted, as in most cases are also the two pre-
ceding As; this is also reﬂected in the low frequency of these four nu-
cleotides within duplicated 28S stretches. This means that when R2
inserts within the 28S, from two to four rDNA nucleotides immediate-
ly upstream of the insertion site are most frequently deleted. Later,
when this 28S is co-transcribed with the inserted R2, the 5′ UTR-
derived ribozyme catalyzes the processing of the co-transcript and
may allow part of the deletion-bearing 28S to remain within the R2
RNA by imprecise co-transcript cleavage. Then it will be successively
reverse transcribed and re-integrated into a new target 28S site giv-
ing the observed 5′ end junction with the 28S duplication [7]. These
observations strengthen the hypothesis that all R2 copies having the
full 5′ UTR sequence retain the possibility to be retrotransposed, irre-
spective of any additional non-templated nucleotide or of the 28S in-
tegrity [26]. Even if, usually, few additional base pairs are duplicated
(up to 38 bp, in the silkmoth B. mori; [7]), or added as non-
templated nucleotides, and (co)reintegrated with R2, these observa-
tions indirectly suggest that chimeric R2s (R2NvA and R2Ll) can be
processed and reverse transcribed.
A peculiar feature scored in some T. cancriformis insertions of the
Spanish bisexual population is that some additional non-templated
nucleotides are, actually, duplications of short R2 internal sequences.
Moreover, a 14 bp duplication is found upstream of the ψR2Ll element
within its 5′ UTR (Fig. 2a); it is likely that this duplication was already
present at the 5′ end of the ψR2Ll when it recombined with the 3′ end
of another R2 element by RT template jumping, giving rise to R2Ll.
Other R2 duplications have been detected in ﬁve Drosophila species,
but in these instances duplications are in tandem [17]. No models for
the R2 integration so far proposed can explain duplications of its 5′
end; however, the low frequency at which these duplications have
been observed suggests that they may be a defective outcome of the
reverse transcription/integration process. Even if data are limited, it
is possible to hypothesize some form of aberrant homologous recom-
bination: in many RNA viruses, recombination between similar se-
quences may occur at non-homologous sites, resulting in
recombinant RNAs carrying duplications/deletions [30]. No data are
available on aberrant homologous recombination in retrotransposons,
but the rate of L1-derived chimeras observed in the human genome is
consistent with this hypothesis [23]. Very recently, amodel explaining
non-LTR retrotransposons 5′ end duplications has been suggested for
ZfL2-2 LINE elements [31]: an unstable interaction between the 5′ end
and the upstream ﬂanking sequence could lead to a dissociation/re-in-
teraction dynamics causing either ﬂanking region's or retrotranspo-
son's duplications. However, ZfL2-2 5′ end duplications occur at an
appreciable rate (22%, with upstream ﬂanking region duplications oc-
curring in the 39% of the insertions). This contrasts the very low rate
observed for R2 elements [17, this paper] and suggests that if the “dis-
sociation/re-interaction”model should hold also for R2, its occurrence
could be considered highly infrequent.
On thewhole, data presented here depict a quite variable scenario for
the dynamics of non-LTR R2 elements. Features emerged from the anal-
ysis of 28S/R2 junctions, especiallywhen comparedwith data fromother
organisms, suggest a certain plasticity in the mechanisms of 5′ end inte-
gration and, together with inter-element non-homologous recombina-
tion event, may allow new non-canonical R2 forms to spread. Far from
having drawn a deﬁnitive picture, this analysis indicates new line of ev-
idence to be better investigated in order to understand the genomics and
evolutionary dynamics of rDNA-targeting retrotransposons.
4. Materials and methods
T. cancriformis (Ferrara, Italy; Tc_it), L. lubbocki (Castel Porziano,
Rome, Italy; Ll), L. couesii (Contrada Carracci, Lecce, Italy; Lc) and L.
arcticus (Arnavatnsheiði, Iceland; La) specimens were collected from
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tion by standard phenol/chloroform method.
R2 presence was checked by PCR assay, using a primer anchored
on the 28S rRNA gene, downstream of the insertion site, and a collec-
tion of degenerate primers complementary to the ORF region of the
element [11]. The primer list is available in Suppl. Table S1. PCR am-
pliﬁcations were performed in a 50 μl reaction mixture using the
TaKaRa LA TaqTMwith GC Buffer kit (Takara Bio Inc., Otsu, Japan), fol-
lowing the manufacturer's instructions. Thermal cycling was: 94 °C
for 5′; 94 °C for 30″, 48 °C for 30″, and 70 °C for 10′ for 35 cycles;
15′ at 72 °C as ﬁnal extension. Ampliﬁed PCR products were gel puri-
ﬁed and cloned into a pGEM-T Easy vector (Promega, Madison, WY,
USA). Sequencing was performed at Macrogen Inc. (Seoul, Korea).
R2 sequences were obtained through primer walking coupling a
28S-anchored primer, annealing upstream of the insertion site, and
a series of primers complementary to R2 internal regions (Suppl.
Table S1). For each R2 element, 10–13 5′ ends were sequenced in
order to obtain the full length element; these sequences were also
used to study the 5′ junctions. Open reading frames (ORFs) and the
reverse transcriptase domains were identiﬁed through ORF Finder
and BLAST search (blastp parameters) servers.
Activity of the L. lubbocki elements was checked by means of trun-
cation pattern analysis. PCR ampliﬁcation of the 5′ end was per-
formed as described above; amplicons were run in a 1.5% agarose
gel and Southern-blotted on a positively charged nylon membrane.
The ﬁlter was then hybridized with a probe obtained with speciﬁc
primers annealing within the ORF (Suppl. Table S1). Probe labeling
and signal detection were performed using the DIG High Prime DNA
Labeling and Detection Starter Kit I and CDP-Star system (Roche Diag-
nostics GmbH, Mannheim, Germany). Hybridization and stringency
washes (0.1× SSC/0.1% SDS) were done at 65 °C.
The phylogenetic analysis was performed on the predicted protein
C-terminal end, encompassing the reverse transcriptase domain. The
dataset included also R2 from Drosophila melanogaster, B. mori, Forﬁ-
cula auricolaria, Schistosoma mansonii A and B, Popillia japonica A,
Tenebrio molitor A, Apis mellifera, Danio rerio, Limulus polyphemus
and T. longicaudatus ([11]; kindly provided by Authors), as well as
R2Tc from T. cancriformis Spanish bisexual population [12]. The predicted
protein from the SLACS element of Trypanosoma brucei (Genbank acc. no.
CAA34931) was set as outgroup. Protein sequence alignment (with Clus-
talW algorithm) and theMinimum Evolution tree (using p-distances as a
measure of genetic divergence and 1000 bootstrap replicates) were car-
ried out with MEGA 5.0 [32].
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